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Abstract

h a National Bureau of standards (NBS) i s currently developing a
f a c i l i t y f o r conducting reBearch on automated nanufacturing. This
fac i l i t y , cal led the Autarnrted Hanufacturing Research Faci l i ty , o rAMRE', i o concentrating on M e ~ a n u f a ~ t ~ uo f machine metal par ts i n
smal l batches. One aspect o f th is ove ra l l aanufacturi process i s t h e
dcburring and cleaning o f pa Bm These probl are being addressed i n
the AMRI" in the Cleaning Deburring Workstatfan. This paper
present6 the design philos f t h i s w o r k s t u t ~ ~ nand t h e approaches
t o be used i n developing an autoaated cleaning and ddurring system,
The near-term solution o f ut i l iz ng conventional sass deburring and
buff-brush-polish techniques i s d scribed. Future approaches involving
t h e use o f industr ia l robot8 t o autanatically deburt p a r t s i 6 also
discussed, including research t h a t i s necessary t o develop t h i s
technology. This research includes force ssrvoing o f robots and
control o f two robots working cooperativaly.

1. Introduction

The National Bureau o f Standards, Center f o r Manufacturing Engineering
i s implementing an experimental factory ca l led the Automated
Manufacturing Research Fac i l i t y fl].The research being conducted i n
t h i o f a c i l i t y i s concentrating on the prablems of manufacturing
machined meta l parts i n small batch sizes.

----~--.-----..~
(1) This paper war prepared by United States Government employees as

p a r t o f t h e i r o f f i c i a l duties and i s therefore a work o f t h e U.S.
Government not 8ubject t o copyright.

(2) Commercial equipment i s ident i f ied i n t h i o paper i n order t o
adequately describe der development. I n no case does
such ident i f icat ion dation by the National Bureau o f
Standarde, nor does it imply t h a t t h i e equipment was necessari ly
the best f o r t h e purpose.
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Attent ion i m directed t o issues o f f l ex i b i l i t y and adaptability t o
varying work met-ups. Tbe f a c i l i t y i s designed in a modular fashion
w i t h a h ie ra rch ica l l y .tmctuted oontrol system which coordinates the
act iv i t ies of a vide var ie ty o f machine tools, robots, sensors, and
computer systems produced by many d i f fe ren t manufacturers. These are
linked together by control and data base structures which u t i l i z e a
mystem of standardized interfacrto mrrently under development. One of
the p r ima ry objectivrs o f Wxe i s t o provide a testbed t h a t
researchers from n s , industry, universi t ies and other government
agencies can use t o #tudy qussti~nmof standardization, measurement,
and quality control i n t h e automated factory.

The AMRF will operate as a m a l l batch machine shop. It i s currently
configured w i t h s ix work6tations: three machining workstations, a
cleaning and deburring workstation, an incpection workstation and
material. handling vorketation.

I n a typicai smal l batch machine .hop, part8 may be machined on
mnphi.ticated #C machhr too18 which require l i t t l e o r no human
intenrantion, oncm met up, ~~OWIV~T,daburring operations are generally
mtill ‘performed ~anually[Z]. Bincat the AMRF i s working toward an
understanding of t o t a l automation, these claaning and deburring
processes oumt bs automated as well. The Cleaning and Deburring
workstation ( a i s OR d ~ u ~ i ~ gdespite worketation name) has
therefore been included as @ne oP L major components i n the i n
an attempt t o matimfy th i s rrqui

During the reoearch and d ~ e l ~ ~ e n tof the AKRF it has b8come clear
t h a t cleaning 4nd deburrhg A 8 one o f a t leas t two shop f loor
function. w i t h requirfbmentr which ara beyond the current otate -of- the-
a r t i n automation and robotic. fur eneral came. (The other major
problem .rea i m autolpatic workpiece fiXtuSing.) W i t h t h i s in mind,
t h i s paper describes the in i t i a l philosophy and implementation o f the
JMW Cleaning and Deburring Workstation (CDWS) vith no illusion tha t
t h e general molution t o the problem o f automatic &burring will be
found in the near future.

2. AKRF Description

m e three machining vork8tations i n the UIIBIP 4ret (1) t h e Horizontal
Wokrtation which contains a CNC hor izonta l mpindle machining center,
(2) t he Ver t i ca l Workstation which contains a CNC v e r t i c a l spindle
machining center and (3) the Turning Workstation which contains a CNC
turning center.’ Additionally, there i s the Automatic Inspection
Workstation which contains an automatic coordinate measuring machine,
the Cleaning and Deburring Workstation which will contain both robot ic
and mass deburring m d cleaning IL ant end the Mate r i a l s Handling
Workstation which employs an au i c guided vehicle system for
mater ia lo transfer. Zh8 three aaer3rining workmtations and the
inspection workstation mach n industrial robot t o perform
par ts handling and r a e h i n r loading unluading. A t present, t he CDWS
contains t w o industrial robot.. r e 3 ahows the f loor p l a n of t h e
MRF indicating the locations of the f i v e workstations and t h e
equipment currently contained therein.
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Figure 1. Automated Manufacturing Research Faci l i ty (w) layout.

The concept o f h ie ra rch ica l control i o urtramely important i n t h e AMRF
and forms the ba8io f o r the whole syctem architecture [3] . Figure 2
depicts the h ierarch ica l control mtructure o f the AMRP. The highest
l eve l o f the system i 8 the Fac i l i t y Level w i t h t h e hierarchy forming
an inverted t r e e structure 8s it works it8 way down t o the control o f
the actual equipment on t h e .hop f loor. Communications between the
various leve l6 are accomplished v i a a loca l network which i s being
developed specif ical ly t o accomodate the needs of t h i s type o f
f a c i l i t y . Addit ionally, the re are Bophisticated data management and
process planning 8ystems being developed t o support t he f a c i l i t y . A t
t h i s writing, the Shop and F a c i l i t y Levels have not been implemented.
That is, t h e highest leve l currently operational i s the C e l l Level.
The C e l l Level 8chedulee and coordinates the ac t i v i t i es o f t h e various
workstations.

The u l t ima te goal o f the AXRF i s t o automate t h e design and
manufacture o f any p a r t t h a t t h e current complement of machines i s
capable o f physically producing. I n the future, a designer will be
able t o.it down a t a CAD eystem and produce a p a r t design which can
be fed i n t o the 8ystem. The Ptocese Planning System will then produce
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?igure 2. AMRF hierarch ica l control mtructure.

a process plan f o r t h e par t , i s process plan will then be
@'executed m according t o batch r i z e and schedule requirements supplied
by t h e production control e lmanto o f the AMRF.
Although we are &illf a r from accomplishing these ambitious goals i n
the AHRF, many of the required elements have been developed,
implemented and te6ted i n l im i ted applications.

3.

One o f the research eraam in the i s automated process planning.
Since deburring i 8 primarily don ually, process planning i s a t
present f a ad hoc. A. amre automated methods f o r cleaning and
deburring i n t o use, itvill become necessary t o include these
mtepe and p mes w i t h th.other manufacturing steps and processes.
The following are mome obsentation6 on th i s 8ubject pert inent t o the.
Cleaning urd beburring steps are generally inter leaved w i t h t h e
machining .taps And should therefore be considered in teg ra l t o t h e
machining proceor;, The Cleaning and rr ing Workstation i n t h e AMRF,
as currently configured, i s a map e ent i ty from the machining
workstations and hence, rebideo i n a separate physical loca t ion on t h e
mhop f loo r . It i s not a t a l l c lear t h a t it makes mense t o t ranspor t a

the maehining workstation t s t h e CDWS f o r each in termedia te
and/er drburring operatien requi red during t h e machining of

t h a t part. It i P a180 unlikrly t h a t t h e CDWS will ever have the
capabi l i t ies t o handle each and @very cleaning and deburring problem
presented by pa r t s being nanufactured i n t h e AMRF. Therefore, itwill
be necessary t o develop other methods and processes t o complement t h e
capabi l i t ies o f the CDWS.
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This d ic ta tes t h a t a conscious e f f o r t be made t o include cleaning and
deburring processes i n t o the overa l l process plan f o r the manufacture
of a given part . This probably implies avoiding burrs when possible by
designing the machining process with t h a t i n mind and/or using
special deburring too l s on the Machine t o o l i t s e l f . These methods take
advantage o f the fixturing already i n place on the machine too l ,
avoiding redesign o r duplication i n the CDWS. This would represent a
major ef f ic iency in both time and dollars. Finally, it should be
noted, t h a t i n t h e near future the cleaning and deburring process plan
may w e l l have t o include some manual 8teps on many p a r t types. These
steps should be anticipated and integrated i n t o the process plan for
the p a r t as 8 m O O t h l y as possibla.

4. CDWS Development Approach

The approach t o the development and implementation of t he Cleaning and
Deburring Workstation willhave two major thrusts. The f i r s t will
concentrate on mass cleaning, deburring and finishing techniques
currently i n use i n industry today. The second will address some of
the research and development issues needed t o further the state -of-
the - art i n automatic deburring using robot ic techniques.

There i s mass deburring equipment on the market today which produces
good results f o r many p a r t typms., Also, it i s possible t o configure
t h i s equipment 80 t h a t it can be robot ical ly loaded and unloaded and
can be r e a d i l y inter faced w i t h higher leve ls o f control. ThusI the
CDWS vi11 be in i t ia l ly configured similarly t o the machining
workstations. That is, a general purpose machine(s) being tended by a
robot(.) a l l under the Control o f a workstation control ler. The
c r i t e r i a f o r select ion o f the specific mquipment t o be in6ta l led i n
tha CDWS willbe discussed l a t e r i n the paper.

I n p a r a l l e l w i t h t h e above approach, it i s desirable t o begin
invegt igat ion o f deburring meth o using robot ic techniques. These
methods vould more closely emulata t h e actions taken by a human i n
deburring a p a r t and would permit a much more special ized treatment o f
a given p a r t than would the mass deburring methods. There are already
commercial robot systems avai lable w h i c h can perform deburring tasksI
but these systems are very l im i ted $n f lex ib i l i t y and often requ i re
many man-hours t o program. They are therefore i l l - sui ted t o m a l l
batch production.

I n order t o achieve the needed addi t ional f l e x i b i l i t y i n robot ic
deburring, advances in cer ta in areas o f robot control and sensing
techniques will be required. There are four general areas where
fur ther research and development are needed. They are: (1) t h e a b i l i t y
t o employ CAD data t o develop robot t ra jec to r i es accurate enough f o r
deburring applications, (2) remote measurement o f robot pos i t i on t o
enhance pos i t iona l accuracy,(3) high speed servo control using fo rce
feedback, and (4) contro l method6 f o r cooperative actions of two o r
Pore robots. Work in each o f these areas i o planned as p a r t of the
CDWS development and implementation. S@m8 init ial thinking on these
subjects has -already begun and willbe described l a t e r i n the paper.



5. CDWS System Desim

The aystem design and II ipent selection f o r t h e CDWS i s a function
of the p a r t and burr cha cter ist ics. It would therefore be desirable
t o completely define these aharacteriutics. However, aince t h e AMRF i s
a research fac i l i t y , t h e types o f mater ia l , p a r t types, batch sizes,
production rates, specific machin i Q processes, mtC.8 are not f ixed
and are not easi ly predicted, Tb refore, t h e system has not been
designed t o clean and dsburr a l l partm t h a t could be produced i n the
-8 but r a t h e r a reasonable rubset o f possible parts. There are alga,
other constrainto, much as f l o o r apace, processing t ime and cost whish
vere determining factors in the melaction of equipment.

The general characterist ics o f the types o f parts t o be deburred and
cleaned are:

a) Weight-40 -8. (oaXimUB),

b) Site,Pri8x~atic -- 5nx5nr5a (maximum),
. I..

c)*sit8, Rotat ional - 2a diameter, 4n long (maximum),

8) Part Complexity - up t o 4 axes prismatic, and

f) Matarials -- mteel (mild), aluminum, brass, and bronze.

The parts may be machined on any o f three machines: a White-Sunstrand
Series 20Omnimil CNC Horizontal Spindle Machining Center, a Monarch

. Cortland W C 75 Var t iea l Spindla Machining Center, and/or a Bardinge
Brothers, Inc. 8 C "Rtrning Center. I n addition, it may be
desirable t o dab 8n p a r t blanko before machining takes
place.

Based upon a r w i m w * o f trEhnical l i t e ra tu re , mpecifications o f
comarc ia l ly avai lablr mquipmant and diacursiono w i t h technical
8%p(Lrtr, 8 aymtmm Besign was developed. m e major elements of the
mystrmt will be: (1) a centrifugal disk deburring machine, (2) a
buffing wheel mystea c red of four individual buffing wheels and a
dust collector, (3) a %-/dryer par ta cleaner, (4) two industr ia l
robots and (5) asroc$ conveyors w i t h various devices f o r m a t e r i a l
handling, mtora d ia reparation. The general layout o f
equipment i s illu Figure 3. Al.0 shown i n th i s f i gu re are
t h e control lers f atst the automatic guided vehic le (AGV)
load/unload s t a t i ociated computer 8ygtems# con t ro l l e rs and
operator stations.

5.1 Cent r i fuga l Disk Machine

Although alternatm Uooigno were given concideration, t h e centr i fugal
diok- type o f mums d urring machine was t h e preferred design because
o f shorter process cycles (than v ibra tory bowl) and inherent
capabi l i t ies o f achieving b e t t e r f inishes and of handling more
de l i ca te parts. The centr i fugal disk machine will have a capacity o f
approximately s i x cubic feet. Itwill be capable o f running process



Figure 3. Propoaed Cleaning and Deburring Workstation layout.

cycles as short as one minute and i n excess o f one hour a t high
speeds. Construction o f t h e machine willbe suitable f o r deburring
with p las t ic media, s tee l media, ceramic media and other random
mater ia ls , 8nd will provide pr rc ioe compound solut ion control . The
machine willbe robot i ca l l y loaded and unloaded.

A6SoCiated w i t h +he mass deburring machine i s a ro ta r y hopper f o r
media storage m d dispensing. Itwill consist of four compartments
w i t h a capacity o f approximately eight cubic feet 8ach. The r o t a r y
hopper will be capable o f automatical ly ro ta t ing and dispensing media
from any one of t h e four compartments i n t o t h e input par ts bin.
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5.2 Buffing Wheel System

The buffing wheel system was en t o handle parts which are t o o
large, o r for some other reason, canno be deburred by the centr i fugal
disk machine. Thi8 8ystem will consi t o f four wheels: two buffing
wheels, one abrasive f i lament brush and one f l e x i b l e w i r e brush. Par ts
will be applied t o the wheals by a robot using a predefined sequence
of motions t o achieve the desi red results. Wheel opeed will be
infinitely var iab le and there will be automated compound application
on the two buffing wheels. Because o f a po ten t ia l problem o f compound
spray and dumt, t h e buffhg wheel rystem willbe t o t a l l y enclosed,
w i t h a vinyl cu r ta i n i n the f ron t t o permit access by the robot. The
syotem will also be equipped w i t h a du8t col lect ion system.

5.3 Washer/Wer Unit

The washer/dryer unitwillprovide t h e capability o f ho t cleaning and
blow drying o f parts. The types o f mate r ia l t h a t will typica l ly be
claaned from Me88 par ts are cutting fluido, o i ls , and buffing
compouhdo. It i s planned that wasber/dryer unitwill operate i n a
discrete ra ther than continuous cycle. That is, heaters may be l e f t on
t o maintain temperatures, but the conveyor, washing act ion and blow
drying will n o t b8 operating unless parts are actually being
prOC8888d.

The two robots currently i n t&rWorkstation and depicted i n Figure a
are a Puma 760 and a Unimate 2000, both manufactured by Unimation Inc.
Theme roboto were procured ear l i8r , before the current workstation
design was urvisioned, and may or may not be the i d e a l robots f o r t h i s
workstation. However, they are adequate f o r the experimental research
currently planned.

The Puma 760 i 8 an 8 lec t r i ca l l y actuated s ix degree o f freedom arm
w i t h a payload o f approximately 22 lbs. This robot willbe equipped
vith a vision 8y8tem end will load and unload the centrifugal disk
machine. The vision system i 8 required because the robot must acquire
disoriented par t8 [4]. The parts willbe del ivered t o t h e workstat ion
on t rayo by an automatic guided vehicle (ACV). The parts will n o t be
precisely oriented in these trays. Aleo when parts are returned from
the mass deburring and clmaning process, t h e i r or ientat ion will have
been l o s t and must be reacquired.

The Pnimate 2000 i 8 a hydraulically actuated f i ve degree of freedom
arm w i t h a payload o f approximately 100 lb8. Thir robot will be used
t o apply par ts t o the buffing wheel system and willhave access t o the
washer/dryer unit.

A8 shown in Figure 3, M c robot8 will be ins ta l led w i t h overlapping
work volumen t o a l l ov band-off of parts and other more complex
Operations which willbe p a r t o f t h e robot dcburring operations.
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s.5 Conveyors

There will be a mystem o f par ts conveyors in t h e workstation. Each of
these, w i t h i t s respective function, are shown in Figure 3.

6. CDWS Operational Sceneria

The general mcenario f o r operation o f the CDWS i m as follows:

Part8 t o be deburred and cleaned are delivered on 8 t r a y by +he
AGV.

The parts are removed from the t ray by the a 760 Robot.

If t h e p a r t s are t o be deburred in the centrifugal disk
machine, t he Puma 760 robot places the pa r t e on t h e parts input
conveyor. Thi8 conveyor feeds the parts i n t o a parts bin which
i s s i t t ing on the load c e l l platform.

Deburring media from the compartment ro ta ry hopper i s added t o
the parts bin along w i t h the parts. The amount o f media i s
measured by weight. The par to bin i 8 conveyed t o t h e h o i s t
assembly where it i 8 ra i8ed and the ent i re contents dumped i n t o
the centrifugal disk machine.

The centrifugal disk machine processes the media and par ts fox
a prescribed time. A f t e r t h i 8 processing i 8 completed, m c
contents are dumped i n t o the meparator located beneath eke
centrifugal disk machine.

The par ts and media are separated i n the vibratory separator.
The par ts come out on the par ts output conveyor and go t o t h e
washer/dryer unit. The m d ia cmes @uton the media re turn
conveyor and i s returned t o the rsrtasy,hopp r t o be used again.

The parts are washed, w e d , and deposited in the pa r t s output
bin. The Puma 760 robot pick8 up the par ts individually and
places them i n a t r a y i n one o f t h e AGV load/unload stat ions,
or i n a locat ion where the Unimate 2000 robot can take each
p a r t f o r fu r ther processing on the buffing wheel syotem.

If the parts are t o b; processed by t h e buffing' wheel system,
t h e Unimate 2000 robot takas t h e p a r t t o the buffing wheel
sy6tem f r o m one o f two locations: fron a work tab le common t o
the two robots, where the Puma 760 robot has previously placed
it,or direct ly from the Puma 760 robot i t s e l f .

The Dnimate places t h e p a r t against t h e appropriate Wheel(6)
and movee t h e p a r t i n 8omu prescribed pattern. If required, the
Unimate 2000 robot can met the p a r t down, regr ip it,and return
it t o the buffing wheel system f o r fur ther processing.

Following t h e buffing process, the Unimate 2000 robot places
t h e p a r t on t h e conveyor leading t o the warher/dryer unit where
the p a r t i s cleaned.

.
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p a r t i o vashed, dryed and deposited i n the par t6 output
The Puma 760 robot picks up the p a r t and places it i n a

i n one of the ACV load/unload stations.

11) The
bin.
t ray

12) The finished p a r t e are transported t o another workstation for
fur ther processing or

This mcenario does no t include any robotic deburring processes. These
will be discussed l a t e r i n the paper.

The ent i re i s designed in a r fashion w i t h a hierarchical ly
etnactured control 8y.t i c a l control methods have been
under study a t a t io Standards f o r several years and
the resul ts o 8 VO ul ly lead t o the formation of
8tandard interfaces between the varioum control levels. This, i n tun,
could al low the des gn and implementation o f automated ranufacturing
fwilities where odl e t ~ ~ ~ ~ o ~ e n t 8&re bought from d i f f e ren t vendors
and"p1ugged together ruck 88 Mu arscrraPl8 a Bter.0 o r personal computer
system today. Thie W O U M f a c i l i t a t e the implementation of optimum
f a c i l i t y designs a t eignif icantly lower cost than are currently
possible.
Figure 2 depicts e hierarchical contro l etnacture of the AMRF. This
structure also e ndr i n t o the Control rtructure o f each workstation
and, i n fact, i n t o t h e t h e cont ro l structure o f the robots [SI. Figure
4 depicts the hierarchical control structure o f the CDWS.

The Workstation Centra i s 8 t the highest level. There are three
intermediate leveh , Iactual equipment i s on the lowest level.
Each device o r contrmller 8entms only one master, but may contro l one
or more subsystemr below i is, a control ler receives commands
only from the oontml l r r e l y above it,but may .end commands
t o several devicas @reo belov it. Each control ler repo r t s
it8 8tatU8 t o -8 CUn-olhZ'

higher l a v e Z ~8ra more complex and therefore take
8 are decomposed i n t o simpler
4- through the hierarchy of
milppler, they are executed more

i s might be t h a t t h e C e l l t e l l s
a givrn part . This action may take several

l e t 8 and may tequire a robot t o move t h e par t . The
t o deburr t h e p a r t i s thus decomposed i n t o many

commands ronre o f w h i c h Eontrol the robot. The robot commands are
eventually decomgasmd alk the way down t o the sew0 control l e v e l a t
the robot jo in ts ~h8rb oontro l cycles are in t h e order of
milliseconds.

and mer. i
the Works-

I n t h i o contro l schemlt, mintelligmace ni o always pushed as f a r down
the hierarchy 80 possible. This means t h a t each control ler must have
the wintel l igence w t o decompose r e l a t i v e l y complex commands as long as
these commands do not requ i re the coordination of a c t i v i t i e s w i t h
other systems a t the same control leve l . This coordination i s handled
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Figure 4. Cleaning and Deburring Work&ation hierarchical control
diagram.

a t the next higher cont ro l level. The following i s a b r i e f description
o f each o f the control leve ls shown in Figure 4.

The Workstation Control ler coordinates the ac t i v i t i e s o f the major
components o f the workstation; nanmly, the maes deburring equipment,
the cleaning aquipment, and the robots. When the Workstation
Control ler receives a command from the C e l l Contro l ler t o perform a
cer ta in daburring task, it must decompose t h i s command i n t o the
required tasks f o r the syetems below it and plan the requi red sequence
of events.

The next l e v e l down i s the Coordinated Robot Control Level which i s
required because t h e r e are two robots i n t h e workstation. This
con t ro l le r allows t h e Workstation Contro l ler t o issue complex commands
t h a t requi re both robots t o work i n concert. If the command from the
Workstation Contro l ler only requires t h e act ion o f one robot, the
command would be passed direct ly through t h i o control l e v e l t o t h e
cont ro l ler o f the appropriate robot.

The next l e v e l down consists o f four high-level mquipment cont ro l le rs .
The function o f these control lers i s f a i r l y obvious from t h e diagram,
w i t h only t h e robot control lers rmquiring further explanation. These
high l e v e l robot contro l lers have been developed a t NBS and are t h e



1 2

product o f extensive r search. They are designed t o in te r face with t h e
commercial robot manu2 Gturer's low- level servo cont ro l le r as shown a t
t h e next lower level. These robot contro l lers are also designed t o
control other devices acrsociated w i t h the robot 8uch as end-effectors
o r other complex subsystems which may also have t h e i r own servo
control lers [SI .

The next l eve l down consists basical ly o f the 8erv0 cont ro l le rs fo r
%e variouo devices a t t h e equipment level . The equipment l eve l
consists o f co e r c i a l bardware which has been in ter faced with the
next higher lava1 o f contro This equipment may be operated i n ei ther
manual o r fully automatic m e. Far t h e manual mode, the oystem will
be configured so t h a t piece o f equipment can be operated
individually. This allows each subsystem t o be used when t h e f u l l AMRF
$8 not operating. It also allows the development o f a working
knOW18dg8 0 a mquipent and i t s performance capabi l i t ies, and
provider 1 8 r metboQ Lor myatam integrat ion and test.

Alpost a11 o f the high leve l controllers i n the CDWS have been or will
bo :.designed and implemented a t NBS. As in ter face rtandards evolve,
these uontrullrrc ahould be able t o be replaceable w i t h functionally
equivalent commercial products.

8. Robotic -burring

Tbe dwelopment o f robot ic deburring techniques willbe one of the
major thrus te of the CDWS research. One o f t h e primary research areas
in the AXRF has bran the d8Va~o~mento f 8ensory in te rac t i ve robot
control t8chniqueB# md we, a t lJBS, have already developed s,
8ignificant experience base in th i s f ie ld . It is, therefore, our
intention t o combine some OF our experience in menoory in te rac t i ve
control w i t h current robot ic deburring techniques i n t h e hopes of
d8V.1 #@me new a d innovative roaches t o t h e Beburring
probl e hope t o work ~ l ~ s 8 ~ yw i t h A try on t h i m problem, taking
advantage o f p r i o r d8V81i3pmclntB and ience t o Insure t h a t t he

pract ical and rea l is t i c . There are several
robotic ~ ~ ~ 8 a ~ ~areas t we plm t o pursue: off - l ine programming,
non-c6Xocat.d 8eMhg, force control, and cooperative robot ic
Uilrburring.

8.1 Off - Line Progranminq

The bulk of current robot ic deburring applications are accomplished

and i o only 8 c o ~ ~ i c a l l yi r a o i t h a t are going t o be
produced i n large quantitfas or vhera and uniformity are o f
utmost impor t Ce. It VQUld b8 esirable t o be able t o
generate robot deburring t r a j e c t o r ne using CAD developed
p a r t data. This, unfortunately, p l gent requirements on the
accuracy o f t h e robot (Ulr abi l i ty O t t o go t o a speci f ied
point i n space) r a t h e r than thrI t y of t h e robot ( the
ability of the robot t o re tu rn iourly recorded point)

quired f o r the teach p ~ ~ r ~ ~ i ~ ~This i s a major problem
cause t h e accuracy 02 a gkvrn robot may be orders o f

magnitude poorer than i t s repeatab i l i t y . Therefore, a robot sui tab le
for robot ic deburring tasks using teach mode programming o f

vlraugh teach pr-r i s vary time-consuming
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t ra jec to r ies may no t adequately perform the required deburring
t r a j e c t o r i e s if programmed off- line.

There are numerous potent ia l methods f o r t h e improvement o f robot
accuracy. The most obvious one 1s t o develop a robot t h a t i s
mechanically euperiot t o today'. aachine8 M a t will perform
t ra jec to r ies t o the r acc~lr=y. ~~~~~g~ considerable work
continues in the area chanica l robot performance improvement,
t h i o i s probably no t g o be the most econom ea1 approach t o t h e
problem. Instead, we ao w e l l as many .oth rr, bel ieve t h a t the
anawer t o the problem i s through the use o f eensory feedback control.

8.1 #on-Colocatud Gensinq

One method for improving robot perfomanor i m through the use o f %on-
colocatedm 8ensin . This mans t h a t the pooi t ion o f the robot i s not
deduced from the Joint angle information, ed di rect ly by an
external aenoing devic8 w h k h can mea~oumb of t h e robot i n
absolute mpace t o thr r e isrd dewme accruracy. If t h e robot
control loop $8 clomd through th is external meaeurinq system, a l l
uncertainty created by mechanical and computational errors having t o
do w i t h the robot l t 8 e l f can be eliminated. The sensing ~ystems t h a t
have thuo f a r been uued experimentally f o r non-colocated closed loop
cont ro l have been opt ical in natura.

Cannon a t Stanford University hag done some excel lent work using non-
colocated sensing f o r t h e control o f f l e x i b l e structures. A t NBS we
have developed a three dimenrional tracking system 17) which, when
integrated i n t o the robot control 8ystem, should enable t r a j ec to r y
accuracies sufficient f o r deburring applications. The system ir
currently used for robot performance meamremento.

8.2 Force Control

Another approach t o achieving t h e desired deburring t ra jec to r ies i s t o
have the robot afesl w it6 way along the contour o f the p a r t using
passive compliance, nome form o f closed loop force feedback cont ro l or
a combination o f both. The baois o f th i s method i s t h a t t h e robot i s
given a t ra jec to ry t o fo l low m d t h a t t h i o t ra jec to ry i s
modified/refined as rrgtuired in real - time.

End-of-arm tool ing incorporating passive (spring loaded) compliance
has been developed [ S I vhich perfoms nicely f o r many deburring
applications. The next apparent r t t p i n improving th is capabi l i ty i s
t o combine t h e ~ ecompliant devices w i t h act ive force con t ro l a t t h e
t o o l t i p allowing more mophirticated 8dge tracking tasks t o be
performed.

Current force feedback systems do not have suff icient bandwidth t o
t rack edge6 a t high feed rates. One method of avoiding t h i s problem
and still taking advantage o f the force feedback system i s t o l e t the
robot traverse the pa th slowly, being guided by the force control.
During t h i a traversal, many t ra j ec to r y points can be recorded and t h e
robot can thereby "teach" i t s e l f t h e desired accurate t r a j e c t o r y . The
recorded t ra jec to ry can then be fol lowed a t t h e desi red higher speeds
f o r actual doburring. This method can be employed t o great ly decrease



the number of man-hours required t o teach program the robot f o r a
given part.

Force control ~ ~ e n t 8 t ~ ~ ~ir now currently underway i n the CDWs,
The syetem Ls g i m ~ l e ~ e ~ t e don tho Puma 760 robot using the NBS
Robot Control 6 f4,53. The snt configuration employs a wrist -
mounted, mix-axis fo re r a d ta rwe seneor and a remote center of
compliance device. The ha as8 configuration i s shown i n Figure 5.
The syEtem a l l o w each axis be controlled separately. The force and
torque mensor aeaoures forceB i n X,Y, and 2, as w e l l as t h e torques

. about these axem. W i t h the current force algorithm, only t h e l i nea r
axes are controlled, w i t h t h e ro ta t i ona l axes t o be included la te r .

each r x i r t (1) a force andlimit the position, o r (2) command
IL ;terce. Thio till a re la t i ve l y primitive
ready mbm pr for mome selected deburring

The ‘8yot8m WOS o modes which can be commanded separately fo r

brabttilM-18 8p illbe 8upplied i n a future
publication.

-/W

fORCE*TOROUE
8ENSOR

\
COMPLIANCE

DEVICE
-‘x
BASE FRAME

Figure 5. Puma 760 end-of-arm configuration.
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8.3 Cooperative Robot Deburrinq

9. Summary

10. Acknowlcdsments

The work desc r ibd i n a m pjrrgrr h8s bmn p a r t i a l l y supported by
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Figure 6. View of the Cleaning and Deburring Workstation showing t h e
Puma 760 and Unintate 2000 robots.

Figure 7. View o f the end-of-arm tool ing of the two robots showing t h e
simulated deburring t o o l inserted i n the par t .
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